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Photovoltaic modulating retroreflectors for low
power consumption free space optical
communication systems

Benjamin C. Maglio, Crisanto Quintana, Yoann Thueux, and Peter M. Smowton

Abstract—an  InGaAs-InAsP-GalnP  asymmetric stepped
quantum well structure is proposed for unbiased detection and
subsequent modulation of an incident continuous wave optical
signal for application in compact, retroreflective, free-space
optical communication platforms. Such operation drastically
reduces onboard power consumption in large-area, pixelated
arrays by driving only optically activated pixels. A modelling
routine involving calculations of band structure, fraction of light
absorbed, and responsivity have been used to analyse structures
exhibiting an asymmetric quantum confined Stark effect. The
proposed structure, compared with devices following similar
modelling approaches, is predicted to exhibit an unbiased
responsivity of 0.004 A/W enabling single pixel detection prior to
triggering modulation. The calculated photocurrent of 4pA offers
adequate signal to noise against dark current when operated in a
photovoltaic mode. Furthermore, the strong blueshift in the
ground state transition energy calculated for the applied field
results in extinction ratios in excess of 4dB for the modulated
signal. These findings suggest performance enhancements at a
fraction of current onboard power consumption in modulating
retroreflectors for compact, free-space optical communication
platforms.

Index Terms—III-V compound semiconductors, free space
optics, modulating retroreflector, quantum confined Stark effect,
quantum wells, optical communications, Internet of Things

I. INTRODUCTION

REE space optics (FSO) is a secure, high bandwidth
method of wireless communication without spectrum

licensing requirements [1]. These advantages over radio
frequencies can be realised for remote applications with direct
lines of sight such as plane to plane or intersatellite
communication links [2]. Additionally, they provide Low
Probability of Intercept/ Detection, which is desirable in
defense applications. Traditionally, FSO systems use two laser
transceivers to implement bidirectional communication.
However, in scenarios with highly data-rate asymmetric links
and one of the terminals severely size, weight, and power
(SWaP) constrained this is not achievable [3]. Benefits have
been sustained by integrating modulating retroreflectors
(MRRs) [4], [5], [6] on compact platforms and transferring
additional technological complexity to larger, more stationary
platforms. An example is the Future Combat Air System
(FCAS) in development at Airbus, where a mothership requires
asymmetric communication from many remote carriers to
operate cooperatively [7].
MRRs, illuminated by a continuous wave laser, directly return

data encoded on to the incident beam. Semiconductor
electroabsorption modulators utilizing the quantum confined
Stark effect [8], encoding data by perturbation of the material
absorption, have demonstrated high speed data transmission at
a fraction of the power requirements of a laser [9]. These
modulators are often pixelated to increase the field of view
(FOV) and modulation bandwidth [6]. Subsequently to
focusing of the light, only a single pixel acts on the incident
beam, though an entire pixel array is powered simultaneously
[10]. Large power reductions are achievable if the optically
active pixel is driven in isolation. Hence enabling the capacity
for an increased number of pixels, therefore enhancing the FOV
without limiting the modulation bandwidth.

To reliably operate using a single pixel, it is necessary to detect
an incoming signal to identify the location of the incident beam
before modulating and reflecting. Typically, the quantum
confined Stark effect is associated with a redshift [5], leading
to a low unbiased absorption at the operating wavelength,
increasing with applied electric field. While beneficial for
reducing the unbiased optical losses, this is non-optimal for
detection purposes.

The asymmetric or blueshifted quantum confined Stark effect,
as observed in [11], [12], [13], could provide high unbiased
absorption at a given wavelength — such as 1550nm for FSO
applications — which can be reduced under reverse bias. Thus,
a device could be operated unbiased in a photovoltaic mode
until the incident signal is detected, and then be utilized for
modulation maintaining low optical losses when biased.

Here, we investigated epi-structures for electroabsorption
modulators, which are capable of detecting an incident beam
under a zero-bias condition prior to modulation in order to
reduce power consumption. This was achieved by exploiting
asymmetric stepped quantum wells (ASQWSs) exhibiting the
asymmetric Stark effect. Full device band structure calculations
were used to evaluate the shift in bound energy levels under
simulated applied electric fields. The fraction of light absorbed
by a single quantum well was then calculated to draw
comparison between the proposed structure, a quantum well
photodiode and a coupled quantum well modulator structure,
from the literature composed of varied materials and
geometries. Finally, thermal escape and tunneling transit times
were estimated to predict responsivity. The proposed ASQW
epi-structure consisting of InGaAs well, InAsP step, and GalnP
barrier layers demonstrated adequate detection and enhanced
modulation performance. Our findings suggest enhanced



performance at a fraction of the total onboard power
consumption is achievable in MRRs for compact FSO
communication. The embodiment of such a device within a
FSO MRR system would operate in photovoltaic mode (all
pixels unbiased) until a 1550nm signal from the mothership or
base station interrogation laser was received. This signal would
be used solely to activate the pixel and initiate modulation,
imprinting data onto the incident beam prior to retroreflection
using a back mirror and focusing optics. During single pixel
modulation, all remaining pixels continue to operate in
photovoltaic mode, until a signal is detected at another location.
This signal would disable modulation at the initial pixel and
initiate modulation at the new location. Comparing to the 36
pixels present in [14], a reduction in power consumption of up
to a factor of 36 is possible, though further reduction in power
consumption is scaled by the number of pixels manufactured in
the array.

Il. MODELLING

A modelling routine consisting of band structure, absorption,
and responsivity calculations was devised. The absorption
component was based on calculations in [15] and [16], with
comparison made to measurements reported in [6]. This was
then used to calculate the quantum confined Stark effect as in
[17]. Subsequently, the responsivity was evaluated and
compared with the approach described in [18], following [19].
Measurements of the quantum confined Stark effect reported in
[6] were conducted for a MRR. This modulator had an intrinsic
region composed of 80 IngssGaAs/Ing.43AlAs coupled quantum
wells (CQWSs) grown on InP, was fabricated and packaged by
the Research Institutes of Sweden (RISE) [5], following a
design proposed by the United States Naval Research
Laboratory (NRL) in [4]. The CQW structure exhibited a
typical redshifted Stark effect, and demonstrated the fastest
outdoor retroreflective FSO communication link [14] making it
suitable for comparison as a modulator.

Responsivity measurements and model results reported in [18]
considered a photodiode with an intrinsic region composed of
30 Ings3GaAs/InP single quantum wells (SQWSs). [18] reported
a maximum responsivity of 0.5A/W at 1550nm, which made it
a suitable comparison as a photodiode. The structure
subsequently proposed was based on asymmetric [13], [20] and
stepped [11], [12], [13] quantum wells configured to produce a
blueshifted Stark effect. The CQW structure in [4], [5], [14] and
the SQW structure in [18] were used for comparison as
modulator and detector respectively.

A. Band structures

Here, full device band structures were calculated via a
Schrédinger-Poisson-Current continuity equation solver, from
Nextnano [21], with a single-band effective mass
approximation imposed. Changes to the bound energy levels
and wavefunctions under different reverse bias voltages were
simulated by applying a potential difference between the p and
n-cladding regions. Default material parameters from the
Nextnano database were used with exception of the SQW
structure, where the bandgap followed [18].

B. Fraction of energy absorbed

Calculated band edges, energy states and wavefunctions
were read into an in-house program to calculate the absorption
spectrum using the expressions derived in [15] and tabulated in
[17]. For comparison of varying structures at normal incidence
dependence on the thickness of the element was removed [22]
to calculate the fractional change in energy through a single
quantum well, ywen, instead of the absorption coefficient as
described in [16].
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h was the reduced Planck constant, €, was the permittivity of
free space, ¢ was the speed of light in a vacuum, n was the real
refractive index, Aw was the energy of an incident photon, e
was the unit of elementary charge, and m, was the electron rest
mass. This term was derived from the time average of the
Poynting flux [17]. |My|? was the transition matrix element
related to the product of a term, which in normal incidence is
equal to 3/2 for heavy holes and 1/2 for light holes, the bulk
momentum matrix element MZ - relating to the Kane energy
parameter by (m,/6)E, [23] - and the wavefunction overlap
integral |I,,|2. p, was the reduced density of states related by
1/p, = mh?/m}, where m; was the reduced effective mass,
1/m; = 1/m; + 1/m;j. m; and m;j, were the electron and hole
effective masses respectively. y,, and 1y, expressed
contributions to the final absorbing spectrum from the bound
exciton resonance in (2), and the continuum of states in (3)
respectively.
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Excitons were modelled as individually summed Lorentzian
distributions. a, was the exciton Bohr radius equal to
4Ameh? /mre?, with ¢ the static dielectric constant. |¢(0)|? was
the oscillator strength approximated by the Sommerfeld
enhancement factor s,/[1 + exp(—2m/kay)] with s, fitted
between 2, for a quantum well (exhibiting purely 2D behavior)
and 1, for bulk (exhibiting purely 3D behavior). ka, =
JVE:/Ry, where E, was the difference between the transition
and band gap energy, decreasing in strength further from the
band edge. R, was the exciton Rydberg equal to mie*/
2h%(4me)?. T, was the temperature dependent half width at half
maximum of the Lorentzian equal to Ty + I,/ exp(hwo/
k,T), typically fitted to empirical absorption data [17]. T,
accounted for inhomogeneous broadening mechanisms (e.g.
alloy fluctuations and interface roughness scattering) which
increased with applied electric field following [18], [24]. T,
and hw,, represented the coupling and energy of homogeneous
broadening from longitudinal optical (LO) phonon scattering
respectively. k, was the Boltzmann constant and T was the
temperature, set at 300K. E., was the interband transition
energy between conduction and valence states ¢ and v. Eg was
the exciton binding energy with Ez = —4R,, for 2D and Ep =
—R,, for 3D behavior [17]. The continuum of states contribution
was modelled as a cumulatively summed Lorentzian
distribution, integrated to an energy sufficiently larger than the
band gap to approximate oo. f,, and f. were the occupation



probabilities of the corresponding conduction and valence
states calculated using Fermi-Dirac statistics.

C. Responsivity

Responsivity was estimated following [18] using the calculated
ywel, and material parameters collated in Table 1. Two
mechanisms for carrier escape from quantum wells were
considered 1) thermal emission, and 2) tunneling. The time for
a free carrier to transit out from the quantum well thermally was
given in (4).
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m,,; was the effective mass in the well, with i indexing the band
(conduction, heavy hole, or light hole). L, was the well
thickness. H; was the effective barrier height of the band i,
relating to the energy difference between the barrier and the
ground state energy level in the well. The time for the carrier to
tunnel into the adjacent well was given by (5).
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L, was the thickness of the barrier. m;,; was the effective mass
in the barrier for a given band. The total transit time through the
device was calculated in (6).
1 1\71
=N (Ttu + rm) (6)
The band with highest transit time was considered dominant
and used as t; for the remainder of the calculation. In [18]
carrier induced saturation in the absorption coefficient was
calculated for high incident power. For retroreflective FSO
communication an incident power of the order of 1mW was
expected and therefore saturation effects were neglected. The
responsivity was then calculated using (7).

R=n(1-r7) [1 — exp (_ywell dLa—VI:S)] Rigear (7

n was the internal quantum efficiency calculated from
comparison between 7; and the recombination lifetime, 7, ; by
T/ (Tr; + 7). v Was the reflectivity of the front interface of
the pixel. d,;,s was the thickness of the active region. A ratio
between d,;,, and L,, was used to account for the inclusion of
Ywen describing the fraction of absorbing medium within the
active region. R;;.q; Was the wavelength dependent ideal
responsivity equal to q/Aw.
D. Material selection

Observations of the asymmetric Stark effect were reported
in GaAs-GaAsN stepped quantum wells in [12], type-1I InP-
InNAsP-InGaAs stepped quantum wells in [13], and InGaAs-
InP-InAsP composite quantum wells in [11], though, only [13]
offered c-band operation. The type-Il band alignment reduced
wavefunction overlap and the absorption coefficient, reducing
potential responsivity.
To utilize the asymmetric Stark effect for simultaneous c-band
detection and modulation, we determined material
combinations with type-I band alignment through comparison
of natural valence band offsets calculated in [25]. These
included binary alloy InP, and ternary alloys InGaAs, InAlAs,
InAsP, and GalnP. Various combinations of barrier, step, and

well material were considered to analyse the asymmetric Stark
effect, an example of which is shown in Fig. 1. This was found
to be driven solely by variation in the first bound state in the
conduction band. The effect manifested through an apparent
narrowing of the well where the first conduction state was
bound, increasing confinement due to the step layer, thus
increasing the separation from band edge potential.
Band structures under reverse bias were then computed to
determine suitability. The following criteria were evaluated, 1)
the presence of the asymmetric Stark effect, 2) a ground state
transition energy within the c-band range, and 3) minimal
lattice mismatch, or a potential for strain-balancing.
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Fig. 1. — First electron wavefunction and energy level, and
conduction band edge, unbiased and under reverse bias. The change
in ground state electron, hole, and transition energy with applied bias
is shown in the inset.

Though several material combinations met these criteria,
additional considerations were given to suitability for unbiased
detection. InAlAs was removed due to large barrier heights and
effective masses degrading both thermal escape and tunneling
transit times as described by (4) and (5). Further, growth of
aluminium-based alloys could unintentionally incorporate
impurities [26], such as oxygen or carbon, creating trap states
which reduce the recombination lifetime, thus degrading the
internal quantum efficiency. Calculations in [27] suggested that
combining aluminium with GaAs reduced the recombination
lifetime by an order of magnitude.

Consequently, GalnP, InAsP, and InGaAs were found to be
most suitable for barrier, step, and well materials respectively.
This combination provided reduced barrier heights. The
asymmetric Stark effect was then established to be most
pronounced (largest ground state transition energy blue shift)
with a structure of 5nm Ga.3s5InP — 5nm InAs.20)P — 4.5 nm
InpsnGaAs, where the first bound energy level in the
conduction band was located proximally to the InAsP step band
edge energy, similarly to that shown in Fig. 1. This formed an
ASQW structure, where the step was located to assist the
escaping hole. This follows examples of multiple quantum well
photovoltaic device improvement using stepped barriers for
enhancing internal quantum efficiency in [28], [29].
Additionally, a higher built-in potential was gained by reducing



the number of periods to 20, opposed to 30 in [18], and 80 in
[4] and [5].
E. Strain-balancing
A simple calculation to estimate strain in the structure was
performed similarly to [30]. First, a weighted sum of the
interpolated lattice constants from [31], the shear moduli from
[30], and the layer thicknesses for the barrier, step, and well
materials were used to calculate the mean lattice spacing for the
ASQW structure. This was compared to the substrate lattice
constant of InP, giving =~ 0.6 % mismatch. Therefore, only
minimal modifications to compositions and layer thicknesses
would be required during epitaxy to further reduce strain-
induced defects.
F. Parameterization
TABLE |
PARAMETERS USED IN Ywell, RESPONSIVITY, AND QCSE
CALCULATIONS

Parameter SQWI[18] | CQWMBI | ASQW
Active region thickness /
s [1] 550[18] 1528[6] 278
Barrier thickness / Lo
[m] 10[18] 6.3[6] 10
Effective masses in the well
Electron / mwe” [mo] 0.043[31] 0.043[31] 0.047[31]
Heavy hole / mwhn" [mo] 0.37[31] 0.37[31] 0.37[31]
Light-hole / mwin" [mo] 0.052[31] 0.052[31] 0.058[31]
Effective masses in the barrier
Electron / mpe” [mo] 0.08[31] 0.073[31] 0.105[31]
Heavy hole / mpn” [mo] 0.53[31] 0.40[31] 0.365[31]
Light-hole / mpin* [mo] 0.12[31] 0.11]31] 0.17[31]
Inhomogeneous
broadening energy / I'o 6.0[32] 6.0[17] 6.0[17]
[meV]
Kane energy Parameter
/Ep [eV] 25.3[31] 25.3[31] 26.0[31]
LO-phonon energy /
hayo [MeV] 30[32] 35[17] 35[17]
LO-phonon coupling
energy / Ton [MeV] 15.3[17] 15.3[17] 15.3[17]
Number of periods 30[18] 80[6] 20
Recombination lifetime
/e [s] 1500[18] 1[27] 10[33]
Reflectivity / r 0.1 0.1 0.1
Refractive index / nr 3.38[34] 3.38[34] 3.38
Static dielectric 13.9[32] 13.9[32] 13.9
constant / €
Well thickness / Lw [nm] 8.0[18] 12.8[6] 4.5

The parameters in Table 1 were used in ywen and responsivity
calculations. Material parameters were taken from [31] unless
otherwise specified. The inhomogeneous broadening energy
was set to 6 meV as suggested for InGaAs lattice matched to
InP in [17], [32]. Similarly, the LO-phonon energy and
coupling were set according to [17], [32]. Although these values
require experimental verification, they were a suitable
approximation considering the similarity of the materials
defined. The reflectivity at the front surface was set to 0.1
assuming anti-reflection coating was applied as in FSO
applications.

n, and hence responsivity, R, were highly sensitive to 7,;,
which had high uncertainty and was used as a fitting parameter
in external quantum efficiency studies [35]. 7, ; is directly
proportional to temperature [36], inversely proportional to
wavefunction overlap [37], and observed to be larger with the
removal of aluminimum based alloys [26], [27]. Though these
considerations were expected to increase 7,; in ASQW
structures there was a large range of values from 0.1ns-1.5ps
reported for varying structures in [18], [33], [35]. Therefore an
estimate of 10ns was assumed following [33], but minimum and
maximum values of responsivity were subsequently calculated.
Accordingly, characterization following epitaxy would be
required to determine and then optimize these parameters in
future studies.

I1l. RESULTS

The SQW band structure, applied as a photodiode in [18], is
shown in Fig. 2. The CQW band structure, applied as a MRR in
[4] and [5], is shown in Fig. 3. The ASQW band structure reported
here is shown in Fig. 4. Full device band structures, including
cladding regions were calculated, though only the central period is
shown in Fig. 2-4. The calculated ground and first excited state
energy levels are shown for the conduction band E.. and the heavy
hole valence band Ej;;,. Only the ground state energy level and
wavefunction for the light hole valence band Ej;, is shown as the
higher energy excited state does not significantly contribute to
absorption at the band edge.
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Fig. 2. — SQW [18] band structure, bound energy states and
wavefunctions.

The SQW in Fig. 2 showed high symmetry and wavefunction
overlap suggestive of a lower recombination lifetime under zero
bias as reflected by the measurements in [18]. However, this
will also increase absorption and hence internal quantum
efficiency. We observe wavefunction asymmetry even when
unbiased in the CQW in Fig. 3. Under reverse bias forbidden
transitions become more apparent as in [38] which is suggested
to offer a strong Stark effect [39]. The CQW has the largest
effective width and therefore closely spaced energy levels in
both conduction and valence bands.
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Fig. 3. — CQW [4], [5] band structure, bound energy states and
wavefunctions.

The SQW in Fig. 2 and the ASQW in Fig. 4 show greater barrier
height in the valence band, suggesting recombination is limited
by holes. The wavefunction overlap is lower in the ASQW,
which reduces the overall absorption magnitude, but may have
benefits for detection through increased recombination lifetime
[37], and for modulation through reduced insertion loss. The
height of the step in the ASQW valence band is 43meV lower
than the barrier in the SQW structure, which may also assist
thermal escape [28], [29].
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Fig. 4. — ASQW band structure, bound energy states and
wavefunctions.
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T'wen for each structure when unbiased, is shown in Fig. 5 with
the highest in the CQW due to overlapping contributions from
both the continuum of states and closely spaced excitons. The
ASQW vywen has significantly fewer contributions due to the
higher confinement, and larger energy separation to the excited
states in the 4.5nm quantum well, which is particularly
pronounced for the valence states. The modelled effect of an
applied electric field on ywen is shown for CQW and ASQW as
a comparison of modulator performance in fig. 6 and 7. This
was calculated at 0, 3, and 6V reverse bias, although due to the
thickness of the intrinsic region the electric field strength was
higher in the ASQW.
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Fig. 5. — ywen calculated for structures from SQW [18], CQW [4],
[5], and ASQW.

The extinction ratio (ER) is shown in the inset calculated as ER
= 10log1o(Ywelt,on / Ywell,oFr) Where ywel.on and ywei,orr represent
the fraction of light absorbed when the device is operated for
maximum and minimum transmission respectively. The
predicted ywen for the CQW structure shows the same features
as the measured absorption spectra reported in [4] and [5], with
the ER closely matching the experimental value in [6] under
6V. We observe a sharp decrease in ywen at 1550nm due to the
redshift and reduction in wavefunction overlap of the ground
state transition with reverse bias. This is accompanied by an
increasing wavefunction overlap between first electron and
second heavy hole (E1-HH2) states, which coincides with the
redshift of the first electron and light hole (E1-LH1) transition.
The E1-HH2 and E1-LH1 absorption contributions occur at a
similar wavelength enhancing the Stark effect as in [39].
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Fig. 6. - ywen unbiased and under 3 and 6 V reverse bias for CQW
structure. ER is shown inset.

The change in ywen for the ASQW in Fig. 7 displays a strong
asymmetric Stark effect similarly to [12], with energy blueshift
and an increase in the wavefunction overlap with reverse bias.
Though the magnitude of ywen is lower in the ASQW, a
significant ER is predicted over a broader wavelength range
than for the CQW. The 6V ERs for the CQW and ASQW
structures are compared in Fig. 8.
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At an equivalent voltage there is an enhancement in the ER of
the ASQW, which can be partially attributed to the strength of
the asymmetric Stark shift. The reduced intrinsic thickness in
the ASQW, to improve carrier transit for detection, has a higher
electric field across the quantum wells. The calculated electric
field strengths at 6V are =~ 65 kV/cm in the CQW and = 113
kVicm in the ASQW. Nevertheless, under 3V, the ASQW
exhibits an ER almost three times greater than the CQW under
6V, with a comparable electric field strength of ~ 67 kV/cm.
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Fig. 8. — ER for a 6V reverse bias swing for CQW and ASQW
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The responsivity is shown in Fig. 9 with a logarithmic y-axis to
reflect the large disparity between recombination lifetimes and
hence internal quantum efficiencies. Though the ASQW is less
favourable solely as a detector than the SQW it provides a
responsivity large enough to exceed the expected dark current
and therefore could be used for detection only to initialise
modulation.

The SQW modelled and measured in [18] has a recombination
lifetime two orders of magnitude larger than the ASQW. The
measurements of responsivity in [18] fitted with recombination
lifetime of 1.5us indicate the quality of the material growth of
the wafer. The recombination lifetime values prescribed to the
CQW and the ASQW assume a higher defect density in these

structures, particularly for the aluminium-based barrier
materials in the CQW. Therefore, growth and characterization
of the ASQW may yield even higher responsivity.
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Fig. 9. — Responsivity calculated for SQW, CQW, and ASQW
structures.

The responsivity, and photocurrent at 1mW incident power, for
the ASQW is shown in Fig. 10. An incident power typical of a
received FSO signal was used. From Fig. 10 a maximum
responsivity of 0.004 A/W and a maximum photocurrent of
4uA is predicted, which is up to three orders of magnitude
greater than predicted dark current and will allow for
photovoltaic signal detection to enable modulation. A 20%
uncertainty in the recombination lifetime has been included in
Fig. 10 to illustrate the sensitivity to this parameter.
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Fig. 10. — Responsivity, and photocurrent at ImW incident laser
power, for the ASQW structure. Shaded area indicates +/— 20%
uncertainty in the recombination lifetime.

1V. DISCUSSION

As modulation is the primary application of the ASQW, Table
2 shows performance metrics of MQW-EAMSs used as MRRs
in FSO data links, with the requirements as a detector discussed
subsequently. Table 2 suggests improvements in data-rate tend
to correspond to increases in power consumption (P) and IL,
with decreases in FOV and ER. Though the ASQW has a
reduced active layer thickness needed to reduce carrier transit



time, reducing the theoretical maximum modulation bandwidth,
utilising unbiased detection with only a single pixel modulating
at any time, power consumption is significantly reduced.

TABLE Il
LITERATURE 1550NM FSO-MRR MQW-EAM PERFORMANCE
Year Data-rate FOV ER IL P Ref
(Mbfs) ©) (@B) | dB) | (W)
2004 70 20 3 - 3 [40]
2007 45 10 3 0.7 - [41]
2021 500 6.4 2 115 8 [14]

Moreover, by reducing the power consumption we enable the
manufacture of larger pixel arrays and are able to further
increase the FOV. Though this design has benefits for
reductions in power consumption and improvements in FOV,
other metrics for application to a full FSO system must be
considered. The data-rate will be impacted by the large
reduction in the active layer thickness, increasing the
capacitance and reducing the modulation bandwidth. As the
bandwidth is proportional to active layer thickness, assuming
the same pixel area and resistance, the bandwidth of the ASQW
may be a factor of 4 less than the CQW. Nevertheless, the
significant enhancement in ER, a factor of two greater than
shown in Table 2, may offset this if operated under a reduced
bias swing, while still maintaining a higher ER resulting in a
lower reduction of device data-rate. Additionally, the reduction
in active layer thickness and the fraction of light absorbed also
reduces the insertion loss of the device, which is beneficial for
long distance data links.

The responsivity and photocurrent reported here is nominally
low relative to other examples of experimental multiple
quantum well photodiode or photovoltaic devices [28], [29],
[42], which are of the same order of magnitude as the 0.3 A/W
reported in [18]. However, in comparison to dark current values
in the low nA range [42], [43], [44], particularly when unbiased,
the ASQW offers appropriate photocurrent generation to
distinguish from background noise. Further, considerations
have been taken to reduce sources of dark current, such as
removing the aluminum-based alloys from our design [26], [27]
and reducing the intrinsic region thickness [43], [45]. As
mentioned previously, the responsivity is highly sensitive to the
recombination lifetime, with values spanning the range of
0.1ns-1.5ps [18], [33], [35]. Therefore, we note that with a
0.1ns recombination lifetime a photocurrent of 40nA was
predicted, which will dramatically lower the signal to noise
ratio if dark current is particularly high, and reduce the efficacy
of the device. Nevertheless, if high quality material growth is
achieved, and hence recombination lifetimes of the order 100ns
or even lus, it may even be possible to integrate energy
harvesting capabilities with MRRs, utilizing simultaneous
wireless information and power transfer [46]. Ultimately, high
quality growth followed by optimization (particularly applying
correct strain offsetting) will be essential in final devices.

The predicted quantum confined Stark effect suggests improved
modulator performance in comparison to the CQW structure,
both at equivalent reverse bias voltages and electric field
strengths. Yet, due to the reduction in the intrinsic region

thickness and absorption magnitude, it may be necessary to
increase the number of periods to impart a higher level of
modulation on the incident beam. Though, the reduced
absorption will undoubtedly offer benefits in long distance
retroreflective FSO data links by reducing the insertion loss.
By integrating detection and modulation capabilities on a single
pixel, large reductions in the onboard power requirements are
achievable, either enhancing the SWaP budget onboard
compact platforms (such as drones and satellites) for inclusion
of additional functionality or further minimizing the total SWaP
requirements for these devices. This design eliminates the
relation between power consumption and the number of pixels
in the modulating array, thereby removing limitation on the
total pixel quantity. Provided arrays containing higher pixel
quantities can be fabricated with suitable yield, larger area
devices with significantly increased fields of view are
achievable.

V. CONCLUSION

A modelling procedure including calculations for full device
band structures, fraction of light absorbed in quantum wells,
and responsivity was described. An asymmetric stepped
quantum well structure composed of a 20 period intrinsic region
was proposed as a device for both detecting and modulating
incident light for application to MRRs for FSO communication
data links. Each period contained a 5Snm Gao 35 InP barrier, 5nm
INAS©.20)P step, and 4.5nm Ines7GaAs well. This exhibited a
strong asymmetric Stark effect: blueshift and increase in
wavefunction overlap for the ground state transition. This was
predicted to enhance the extinction ratio from the previous
coupled quantum well design by up to a factor of 4. Finally, a
responsivity of 0.004, corresponding to a photocurrent of 4pA
at ImW incident laser power, was predicted. This offers large
enough photocurrent generation to detect an incident signal
when unbiased and then trigger modulation requiring only one
of thirty-six pixels, in the current design, to be active at any one
time. This will have significant implications on the overall
power consumption of retroreflective FSO devices. If higher
recombination lifetimes can be achieved energy harvesting may
be possible to further reduce power constraints onboard
compact platforms and incorporate simultaneous wireless
information and power transfer.
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